The use of diamond in tribological applications in the oil and gas industry is reviewed. The high hardness, strength, and corrosion resistance of diamond make it an attractive option for components that are susceptible to degradation by abrasive, erosive, or adhesive wear; such components may also be prone to corrosion owing to the nature of the environments to which they are often exposed. Applications such as drill bits, bearings, and mechanical seals benefit from the use of diamond, while choke valves are the subject of research programs to assess the suitability of chemical vapor deposition (CVD) diamond for these components. Also discussed are some of the conditions experienced by the components and how the properties of diamond enhance their operating lives.
Introduction
Many components that form part of the equipment used in the oil and gas industry can experience extremely harsh operating environments that can significantly curtail their operating lives. The degradation processes may be tribological (e.g., abrasion, erosion, etc.), corrosion, or a combination of the two. Abrasion can result from drilling operations, while the erosion of components such as valves and pipelines can be caused by the presence of sand particles entrained in hydrocarbon fluid flows. Moreover, in oil and gas wells, other constituents may be present, many of which can be corrosive. These include salt water (commonly known as formation or produced water), carbon dioxide (CO 2 ), and hydrogen sulfide (H 2 S) [1] . The high costs of premature replacement of failed equipment, and the attendant lost production render it important to find the most suitable materials to maximize the operating lives of these components.
The multifunctional nature of diamond, most notably its high hardness and strength, together with its low friction, high thermal conductivity, and chemical inertness, make it an attractive option for use in abrasive, erosive, and corrosive environments [2] . In many examples where diamond found application in the oil and gas industry, it was in the form of polycrystalline diamond (PCD), which is produced by sintering diamond grains on a cemented tungsten carbide (WC) substrate at high pressure. Presses typically apply 4-10 GPa of pressure at temperatures of between 1400 and 1800 • C [3] . Under these conditions, molten cobalt (Co), which is present as the binder phase in the substrate, infiltrates the pores between the diamond grains to facilitate the sintering process. Precipitation of carbon dissolved in the molten Co also occurs to form additional diamond grains [4] . The result is a two-phase microstructure consisting of diamond grains with a Co binder phase. Although its hardness is lower than that of natural diamond (~50 GPa), PCD has a higher fracture toughness (~8.8 vs. 3.4 MPa √ m). Various grades of PCD are available depending on the grain size of the diamond, which can range from 2 to 125 µm [5] . Figure 1 shows a micrograph of the microstructure of a PCD specimen. The PCD layer, which is generally 2-4 mm in thickness [6] , is bonded to a tungsten-carbide base to form what is often referred to as a polycrystalline diamond compact (PDC), easily brazed to a steel stud [7] . In the present paper, both terms are used: PCD is used when discussing the material, and PDC is used in discussions of the component/application. The two-phase microstructure of PCD can result in residual stresses caused by differences in coefficient of thermal expansion. Moreover, the presence of Co can render the PCD susceptible to transformation to graphite at elevated temperatures. In order to circumvent these problems, the PCD is sometimes subjected to a leaching treatment to remove the Co from the surface region, thereby imparting greater thermal stability [8, 9] . Another approach by which the thermal stability of PCD may be enhanced is to use silicon (Si) as a binder in what is sometimes referred to as thermally stable polycrystalline diamond. During the sintering process, Si reacts with the diamond to form silicon carbide (SiC) which forms in the regions between the diamond grains. Such materials can be stable up to 1200 °C, although it has been suggested that this enhanced stability may be at the expense of lower toughness, particularly if residual Si (caused by incomplete reactive bonding during the sintering process) is present in the microstructure [10] . Another form of diamond which is used in oil and gas applications is produced by chemical vapor deposition (CVD). CVD diamond, which can be either as a thin film or in monolithic form, is deposited from the vapor phase using a hydrocarbon, such as methane (CH4), and hydrogen (H2). There are many different variants of the CVD process used to deposit diamond, the most common being microwave plasma, hot filament, and direct current (DC) arcjet [11] . The most significant difference between them is the energy source used to dissociate the reactant gases. Upon dissociation, the resultant radicals form on the substrate surface as graphite and amorphous carbon, as well as diamond. The non-diamond constituents are etched by the hydrogen gas, leaving a purely diamond deposit, although some residual graphite may still be present. The diamond deposit can range from coatings a few micrometers in thickness to bulk monolithic CVD diamond which can be up to 1 mm in thickness and 200 mm in diameter [11] . Monolithic CVD diamond can be cut (e.g., using lasers) into the desired geometry and bonded to other components, for example by brazing. Figure 2 shows an electron micrograph of the as-grown surface of a CVD diamond coating deposited on tungsten. The relevant material properties of CVD diamond and PCD are listed in Table 1 [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ; for comparison, the corresponding properties of a cemented tungsten carbide (WC-6Co) are also listed. Another form of diamond which is used in oil and gas applications is produced by chemical vapor deposition (CVD). CVD diamond, which can be either as a thin film or in monolithic form, is deposited from the vapor phase using a hydrocarbon, such as methane (CH 4 ), and hydrogen (H 2 ). There are many different variants of the CVD process used to deposit diamond, the most common being microwave plasma, hot filament, and direct current (DC) arcjet [11] . The most significant difference between them is the energy source used to dissociate the reactant gases. Upon dissociation, the resultant radicals form on the substrate surface as graphite and amorphous carbon, as well as diamond. The non-diamond constituents are etched by the hydrogen gas, leaving a purely diamond deposit, although some residual graphite may still be present. The diamond deposit can range from coatings a few micrometers in thickness to bulk monolithic CVD diamond which can be up to 1 mm in thickness and 200 mm in diameter [11] . Monolithic CVD diamond can be cut (e.g., using lasers) into the desired geometry and bonded to other components, for example by brazing. Figure 2 shows an electron micrograph of the as-grown surface of a CVD diamond coating deposited on tungsten. The relevant material properties of CVD diamond and PCD are listed in Table 1 [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ; for comparison, the corresponding properties of a cemented tungsten carbide (WC-6Co) are also listed. In this review, the use of diamond in drill bits, thrust bearings, mechanical seals, and control valves is discussed. For an application such as drilling, diamond has been used for several decades, while for mechanical seals the introduction of diamond-coated components is a more recent development. For control valves, although diamond demonstrates considerable promise, challenges such as the need to achieve an adherent diamond coating on non-planar substrates represent a continuing obstacle to its more widespread adoption. Table 1 . Relevant material properties of polycrystalline diamond (PCD), chemical vapor deposition (CVD) diamond, and cemented tungsten carbide (WC-6Co) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
PCD
CVD Diamond WC-6Co Hardness (GPa) 53-57 [12] 60-110 [15] 14-17 [23] Elastic modulus (GPa) 750-950 [13] 500-1200 [15] 620 [23] Fracture toughness (MPa √m) 6.9-8.9 [5] 5.0-9.0 [15] [16] [17] [18] 9.9-12.7 [23] Poisson's ratio 0.07-0.09 [5] 0.07-0.08 [13] 0.21 [23] Fracture strength (MPa) 444-1815 [3] 300-1200 [19] 2000-2200 [23] Density (kg·m −3 ) 3430-4240 [13] 3520 [20] 14900 [23] Thermal conductivity (W·m −1 ·K −1 ) 700 [14] 1646-2220 [21] 95-122 [24] Coefficient of thermal expansion (×10 −6 K −1 ) 0.9-1.2 [14] 0.8-1.2 [22] 5.4 [23] 
Drill Bits
The high hardness, strength, and wear resistance of diamond make it a widely used material for oil drilling operations. Oil wells are commonly drilled to depths of over 5000 m with the diameter of the drill bit being between 20 and 400 mm [7] . In such applications, the drill bit, together with the drill collar, forms part of the bottom-hole assembly, which, along with the transition pipe and the drill pipe, make up the drill string. During the drilling process, drilling fluid (often referred to as "mud") is pumped down the hole to the drill bit, its function being to cool and lubricate the drill bit and flush the debris created by the drilling process away from the cutter-rock interface. Drilling fluids are typically non-Newtonian suspensions composed of a base fluid, solid particles, or clays, and Table 1 . Relevant material properties of polycrystalline diamond (PCD), chemical vapor deposition (CVD) diamond, and cemented tungsten carbide (WC-6Co) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
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Hardness (GPa) 53-57 [ [23] In this review, the use of diamond in drill bits, thrust bearings, mechanical seals, and control valves is discussed. For an application such as drilling, diamond has been used for several decades, while for mechanical seals the introduction of diamond-coated components is a more recent development. For control valves, although diamond demonstrates considerable promise, challenges such as the need to achieve an adherent diamond coating on non-planar substrates represent a continuing obstacle to its more widespread adoption.
Drill Bits
The high hardness, strength, and wear resistance of diamond make it a widely used material for oil drilling operations. Oil wells are commonly drilled to depths of over 5000 m with the diameter of the drill bit being between 20 and 400 mm [7] . In such applications, the drill bit, together with the drill collar, forms part of the bottom-hole assembly, which, along with the transition pipe and the drill pipe, make up the drill string. During the drilling process, drilling fluid (often referred to as "mud") is pumped down the hole to the drill bit, its function being to cool and lubricate the drill bit and flush the debris created by the drilling process away from the cutter-rock interface. Drilling fluids are typically non-Newtonian suspensions composed of a base fluid, solid particles, or clays, and several additives such as barite, gum polymers, and surfactants to increase drilling fluid performance [25] . The flow rates of these drilling fluids are typically in the range of 10-50 l·s −1 [26] .
With the continuing demand for oil and natural gas, and the depletion of many of the more easily obtainable oilfields, the search for fresh reserves inevitably focuses on less accessible regions, which are often situated in more challenging environments, for example reservoirs at greater depths or more difficult geologies. Indeed, drill strings of more than 9000 m in length are used today [26] .
Geology of Hydrocarbon Reservoirs
During the drilling process, the drill bit may pass through greatly varying geologies, which may be reflected in their different properties. Even within a single rock type, the properties can vary markedly, as shown by various workers who used techniques such as nanoindentation and atomic force microscopy (AFM) to map the variation in properties of a wide range of rocks [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . In granite, which is often used in laboratory-based trials of PDC cutters (see below), Heinrichs et al. [35] showed wide variations in hardness of the three major constituents: quartz (H = 13 ± 1.0 GPa), feldspar (H = 10 ± 1.0 GPa), and biotite (H = 3.4 ± 1.3 GPa). In another study, Beste and Jacobson [27] investigated the hardness of a variety of rock types using nanoindentation. By making indents to a maximum depth of 1 µm (the maximum load varied between 7 and 377 mN depending on the properties of the individual rock), they mapped the hardness of a range of rocks including calcite, magnetite, hematite, sandstone, quartz, and granite. The results were compared with those recorded using micro-hardness at higher load (4.9 N). They found wide variations in hardness which were not replicated in the micro-hardness values. For example, the mean nanoindentation hardness for sandstone was 53% higher than that recorded in the micro-hardness tests. Moreover, the micro-hardness measurements could not provide an accurate indication of the full range of the hardness variations. Given the small-scale wear processes that take place at the rock-drill interface, the nanoindentation hardness values are more representative of the contact conditions than more macroscopic hardness measurements.
Such heterogeneities in the mechanical properties of rock are also seen in shale, which is a commonly encountered medium through which oil drilling operations are undertaken [40] . Shale is a multi-phase and compositionally diverse sedimentary rock which is composed primarily of sedimented clay particles, and some quantities of larger, silt-sized inclusions [28] . Measurements made by nanoindentation showed widely varying mechanical behavior, ranging from hard quartz inclusions to softer clay constituents. Liu et al. [32] performed nanoindentation on shale samples taken from the Bakken Formation, North Dakota, an area of considerable interest for hydrocarbon exploration via hydraulic fracturing. The rocks examined were found to consist principally of quartz and clay minerals (mainly illite). They found that the shale rocks exhibited considerable variation in terms of their mechanical properties, with the highest hardness and elastic modulus values recorded on the samples having the highest quartz content. Hardness values of between 1.32 and 3.08 GPa were recorded on shale specimens, although those figures masked some considerably higher hardness values in some regions of the specimens [34] . As well as having more clay minerals, the samples having the lowest hardness and elastic modulus also contained more pores and fractures than the other specimens. Heterogeneous geologies can result in more impact wear as the cutter encounters harder constituents.
The hardness of quartz is of the order of 12 GPa; the measurements made by Beste and Jacobson [27] recorded 85% of the hardness values being in the range 10-14 GPa. These values are comparable to some grades of cemented tungsten carbide, which are generally between approximately 8 and 18 GPa depending on the WC grain size and binder content [23] . As a consequence, rocks having a high quartz content are regarded as being more abrasive, causing rapid tool wear via abrasive removal of the Co binder, with subsequent loss of the WC grains [41] . Granite is typically composed of~30% quartz and~60% feldspar, while quartz contents of up to 97% were reported for some sandstones [42] . Table 2 lists the mean hardness values of some commonly encountered rock types in drilling applications. [24] In other rock formations, the host rock can also contain layers of other rock, known as stringers, of significantly different properties. For example, the overburden (the formation between the seabed and the top of the reservoir) in the Eldfisk field, which is situated in the Norwegian sector of the North Sea, predominantly consists of claystone and shale, with limestone stringers which vary in thickness between 0.3 and 5.2 m with an average of 0.9 m [43] . Calcite, which is a major constituent of limestone, can have a compressive strength in excess of 260 MPa; in contrast, the corresponding figure for shale is in the region of 34 MPa [44] . Such variations in properties will render the drill bit susceptible to impact damage and present further challenges to its continuing effective operation.
It can therefore be seen that many rock types, particularly the harder formations, can be extremely abrasive. In abrasion, a significant factor influencing the wear rate is the ratio of the surface hardness (H s ) to that of the abrasive hardness (H a ). For full abrasive cutting to occur, H a must be greater than 1.2H s ; as the surface hardness, or even that of large second-phase particles in the surface approaches that of the abrasive, wear rates fall substantially [45] . Empirically, abrasive wear rates were found to decrease from an essentially constant value at H s /H a < 0.65-0.75 to a very low value at H s /H a > 1.2 [46] . However, in materials such as cemented WC or PCD, the microstructures of which both consist of hard WC or diamond grains in a binder phase such as Co, abrasion of the softer binder phase can result in removal of the harder phase.
During the drilling process, rock is fragmented by a combination of crushing, scraping, gouging, and impact [41] . The particular mechanism(s) of rock removal during a drilling operation can vary depending on the design of the drill bit employed and the properties of the rock being drilled. One way by which drilling performance may be quantified is the rate of penetration (ROP), which is defined as the drilled distance per unit time. As a guide, 50-60 m·h −1 is a good ROP [47] , although this can drop significantly when the drill encounters a harder constituent in a softer rock formation, for example limestone in shale [43] . The weight on bit (WOB) ranges from 0 to 250 kN, while the torque on bit (TOB) is in the range of 0.5-10 kNm [26] .
Drill bits can degrade via a number of ways, including tooth loss, tooth fracture, tooth wear, and bit balling [48] . The last of these occurs when drilling debris becomes adhered to the drill bit, thereby impairing the ability of the drill to penetrate the rock. Drill bit wear is manifested in the form of diminishing ROP and increases in torque, which necessitates bit replacement when these parameters reach unacceptable levels.
Drill Bit Design
There are several different bit designs that are used in oil drilling operations, two of the most common being the roller-cone and the rotary-drag bits. The roller-cone design consists of (most commonly) three rotating cones on which teeth (usually steel or WC) are mounted and intermesh with each other. The rotating cones remove rock from the drilling zone by crushing, chipping, and gouging, the relative proportions of which are dependent on the properties of the rock being drilled, with harder formations requiring more crushing [41] . However, in hard-rock drilling environments, roller-cone drill bits suffer extremely short lives owing to rapid wear of the bearings that support the roller cones [49] .
The other common drill design is the rotary-drag (or fixed-cutter) bit, which contains an array of teeth and drills rock under a constant thrust force with continuous rotation [41] . It removes material using one or more of three mechanisms: dislodging in granular rock, shearing of brittle rock, and ploughing [41] . The majority of diamond drill bits are of the drag-bit design.
Prior to the introduction of diamond drill bits, the most common bit materials were nickel-chromium-molybdenum (Ni-Cr-Mo) steel (e.g., AISI 4815 and AISI 8720), which were carburized to impart greater wear resistance, and cemented tungsten carbide (WC) with cobalt-binder contents of between 6% and 16% [41] . However, the rapid wear of these materials in the most abrasive rocks limited the distance they could drill before replacement became necessary. Given the costs involved in replacing a worn drill bit, especially in a deep well, as well as lost productivity, there was a strong economic incentive to introduce innovations through which greater rates of penetration and increased bit life could be achieved.
Diamond has been used in oil drilling applications for more than a century. According to one account, diamond drill bits were first used to drill for oil in 1863 [50] . However, full-hole diamond bits for oilfield drilling were first commercially introduced in the early 1950s [51] . For these applications, diamond is used in two forms. One is a surface-set drill bit in which a single layer of diamonds is mounted in a matrix on the crown of the drill. The other is the PDC bit, which consists of multiple PDC cutters attached to a solid bit head and arranged about the rotational axis of the bit [49] . Indeed, one design of drill bit contains 48 face cutters [52] . An example of a PDC cutter is shown in Figure 3 . The PDC cutters are generally of a cylindrical geometry (the diameters generally vary between 8 and 24 mm) and are generally chamfered to increase the cutter's impact resistance [53] . A schematic diagram of a PDC drill bit can be seen in Figure 4 [54] . Since its commercial introduction in the 1970s, the PDC bit has progressively eclipsed the surface-set diamond bit in many drilling applications. Prior to the introduction of diamond drill bits, the most common bit materials were nickelchromium-molybdenum (Ni-Cr-Mo) steel (e.g., AISI 4815 and AISI 8720), which were carburized to impart greater wear resistance, and cemented tungsten carbide (WC) with cobalt-binder contents of between 6% and 16% [41] . However, the rapid wear of these materials in the most abrasive rocks limited the distance they could drill before replacement became necessary. Given the costs involved in replacing a worn drill bit, especially in a deep well, as well as lost productivity, there was a strong economic incentive to introduce innovations through which greater rates of penetration and increased bit life could be achieved.
Diamond has been used in oil drilling applications for more than a century. According to one account, diamond drill bits were first used to drill for oil in 1863 [50] . However, full-hole diamond bits for oilfield drilling were first commercially introduced in the early 1950s [51] . For these applications, diamond is used in two forms. One is a surface-set drill bit in which a single layer of diamonds is mounted in a matrix on the crown of the drill. The other is the PDC bit, which consists of multiple PDC cutters attached to a solid bit head and arranged about the rotational axis of the bit [49] . Indeed, one design of drill bit contains 48 face cutters [52] . An example of a PDC cutter is shown in Figure 3 . The PDC cutters are generally of a cylindrical geometry (the diameters generally vary between 8 and 24 mm) and are generally chamfered to increase the cutter's impact resistance [53] . A schematic diagram of a PDC drill bit can be seen in Figure 4 [54] . Since its commercial introduction in the 1970s, the PDC bit has progressively eclipsed the surface-set diamond bit in many drilling applications. Under field conditions, the velocity of the PDC cutters typically ranges from 1.6·to 4 m·s −1 with bit rotation speeds of 60-250 rpm depending on the bit dimension, hardness of the rock formation, Prior to the introduction of diamond drill bits, the most common bit materials were nickelchromium-molybdenum (Ni-Cr-Mo) steel (e.g., AISI 4815 and AISI 8720), which were carburized to impart greater wear resistance, and cemented tungsten carbide (WC) with cobalt-binder contents of between 6% and 16% [41] . However, the rapid wear of these materials in the most abrasive rocks limited the distance they could drill before replacement became necessary. Given the costs involved in replacing a worn drill bit, especially in a deep well, as well as lost productivity, there was a strong economic incentive to introduce innovations through which greater rates of penetration and increased bit life could be achieved.
Diamond has been used in oil drilling applications for more than a century. According to one account, diamond drill bits were first used to drill for oil in 1863 [50] . However, full-hole diamond bits for oilfield drilling were first commercially introduced in the early 1950s [51] . For these applications, diamond is used in two forms. One is a surface-set drill bit in which a single layer of diamonds is mounted in a matrix on the crown of the drill. The other is the PDC bit, which consists of multiple PDC cutters attached to a solid bit head and arranged about the rotational axis of the bit [49] . Indeed, one design of drill bit contains 48 face cutters [52] . An example of a PDC cutter is shown in Figure 3 . The PDC cutters are generally of a cylindrical geometry (the diameters generally vary between 8 and 24 mm) and are generally chamfered to increase the cutter's impact resistance [53] . A schematic diagram of a PDC drill bit can be seen in Figure 4 [54] . Since its commercial introduction in the 1970s, the PDC bit has progressively eclipsed the surface-set diamond bit in many drilling applications. Under field conditions, the velocity of the PDC cutters typically ranges from 1.6·to 4 m·s −1 with bit rotation speeds of 60-250 rpm depending on the bit dimension, hardness of the rock formation, Under field conditions, the velocity of the PDC cutters typically ranges from 1.6·to 4 m·s −1 with bit rotation speeds of 60-250 rpm depending on the bit dimension, hardness of the rock formation, and cooling mode [55] . With a typical penetration ranging from 15 to 60 m·h −1 , and an average rotation speed of 120 rpm, the penetration per revolution ranges from 2 to 8 mm [56] .
One of the advantages of PDC drill bits is that they remove material via a shearing process which is more energy efficient than the compressive stresses generated by roller-cone bits. In shear, the energy required to reach the plastic limit for rupture is significantly less than by compressive stress. PDC bits, therefore, require a lower WOB than roller-cone bits [57] . As a result, rock removal by shearing requires only 15-20% of the energy required by crushing and grinding, thereby giving PDC bits the potential to drill much more quickly and efficiently than conventional bits [58] . A sharp PDC bit will typically drill two to three times faster than the best roller-cone bit in soft formations, although such performance will gradually decline with increasing wear [56] . The greater efficiency offered by PDC bits led to their use in drilling long sections of homogeneous rocks of low shear strength. In the northern North Sea, long homogeneous claystone sections proved ideal formations for PDC, leading to rates of penetration up to three times greater than those obtainable by roller-cone bits and with greatly extended bit life [59] .
Tribological Performance of PDC Drill Bits
There are various laboratory-based test methods that are used to assess the performance of PDC drill bits. One of the most widely used is the vertical turret lathe (VTL), in which the cutter is mounted above a cylindrical block of rock (e.g., granite) which rotates about a vertical axis. The cutter machines the top surface of the rotating rock at a defined depth of cut. As the cutter traverses from the outer surface to the center of the rock, the rotation speed of the rock is increased in order to keep the speed at the cutter constant. During the cutting process, the components of the cutting reaction forces are measured via a load cell mounted on the vertical axis of the lathe. However, the cutting conditions in the VTL test are less than representative of those encountered in actual drilling operations.
An alternative laboratory test that is used to assess cutter performance is bit cutter on rock tribometry (B-CORT), which is based on the pin-on-disc geometry. In the test, a cutter is loaded onto the surface of a rotating disc made from rock, and parameters such as the frictional cutting force at the cutter-rock interface, linear disc speed, and depth of cut (DOC) are measured in situ to understand the impact of these tribological parameters during a simulated drilling process [60] . B-CORT was used to evaluate the behavior of PDC in the cutting of shale, marble, and sandstone under dry conditions and in the presence of water [61] . The cutting tests were carried out at a speed of 0.46 m·s −1 , a rake angle of 20 • , and at four different loads. They found significant differences between the different rocks under dry and water-lubricated conditions. For the dry cutting of marble, the coefficient of friction, after initially being in the range of 0.75-0.80, stabilized at~0.65 irrespective of load. When water was used as a lubricant, similar trends were observed, although this time the steady-state coefficient of friction was reduced to between 0.15 and 0.20. For sandstone and shale, the effect was less pronounced, with different behavior observed at different loads. One notable observation was that, despite reducing the coefficient of friction, the presence of water had the effect, in some cases, of increasing the ROP. This was attributed to weakening of the rock by the water which could occur via penetration of the pores, increasing pore pressure and reducing intergranular cohesion [61] . This was seen for the cutting of sandstone and shale, although, in the case of the latter, the coefficient of friction was greater in the lubricated tests.
Wear Mechanisms of PDC Drill Bits
During the drilling process, the drill bit will experience a range of conditions including abrasion, impact, vibration, and fatigue, all of which have the potential to cause its degradation and premature failure. Moreover, owing to the presence of corrosive constituents in the drilling fluid, it may also be vulnerable to corrosion. Erosion can also be a problem if drilling debris becomes entrained in the drilling fluid, resulting in erosion of the drill bit and other parts of the bottom-hole assembly.
The most common wear mechanisms experienced by PDC drill bits are abrasion, impact, and thermal degradation. During the drilling operation, as wear of the drill bit increases, the efficiency of the shearing process (by which material is removed) declines. In an attempt to compensate for this deterioration in performance, drillers may increase the WOB to maintain the ROP [6, 62] . However, this can accelerate the wear of the cutter edges and further impair drilling efficiency as the action of material removal by the worn drill bit changes from shearing to crushing of the rock. Moreover, the frictional energy generated by the increased WOB can result in high temperatures, which can cause thermal degradation of the PCD [6] . The most prominent wear mechanisms are discussed in more detail below.
Abrasion
The most common wear mechanism operating on PDC bits during rock drilling is abrasion [63, 64] . This causes the formation of a flattened region on the cutter [65] , and the friction on the wear flat can dissipate up to 50% of the total energy for drilling [56] . Although the hardness of diamond is considerably higher than that of the commonly encountered rocks drilled by PDC cutters, it can still be subjected to abrasion during the drilling process. The mechanisms via which the abrasion occurs were studied using laboratory-based abrasion tests. In one such test, ASTM B611, in which the specimen is loaded against a rotating steel wheel in the presence of an abrasive slurry, PCD was shown to undergo abrasion via the removal of regions of the Co binder. This results in shallow grooves, which are subsequently filled by abrasive particles from the slurry and confer a degree of protection to the underlying regions of Co. In addition, the presence of cracking was observed in the diamond grains, a finding ascribed to the effects of impact loading and fatigue [66] . In a recent comparison of the abrasive wear performance of PCD with various grades of cemented WC and WC-Co/diamond composite materials, PCD was shown to offer significantly greater wear resistance than all other materials tested [66] .
One of the factors affecting the wear rate of PCD is grain size. In turning tests against granite in a lathe, Miess and Rai [67] found that wear resistance decreases with increasing grain size for PDC tools with mean grain sizes ranging from 2 to 120 µm. However, this is not the only variable influencing its performance. Yahiaoui et al. [52] compared the performance of six different PDC cutters of different grain sizes, some of which also underwent a leaching process to remove the Co binder from the PDC surface regions. They tested the PDC specimens against a manufactured mortar rock counterface at a speed of 1.8 m·s −1 ; no lubricant was used in the tests. They used a quality factor (Q)-a dimensionless value dependent on parameters such as coefficient of friction, intrinsic specific energy, cutting capacity, and wear rate-to rank the various cutters in terms of performance. The PDC cutter having the highest quality factor had a mean grain size of 13.3 ± 3.9 µm, and was leached to a depth of 70 µm. The authors averred that fine-grained PDC exhibited the lowest wear rates. However, this assertion did not appear to be borne out by the data, which showed that PDC cutters having smaller grain sizes (ranging from 8.1 to 11.6 µm) exhibited higher wear rates, although the size distribution of the best-performing cutter was the narrowest of the six. Leaching also appeared to enhance the wear performance with the top three PDC cutters all having been leached to various depths ranging from 70 to 325 µm.
Yahiaoui et al. [68] also carried out a subsequent investigation into the performance of a range of PDC cutters of different grain sizes and process conditions in contact with a manufactured mortar counterface, the quartz content of which was 60 wt %. The tests were carried out under similar conditions to the previous study [52] . The principal wear mechanism was found to be abrasion caused by micro-cutting from the quartz particles from the rock, which generated both intergranular and transgranular cracking in the diamond grains, as well as removal of the more ductile Co phase. This damage resulted in the loss of diamond grains from the PDC microstructure. Quartz particles were also seen to become embedded in the PDC surface, a finding indicated by both optical microscopy and X-ray diffraction (XRD). The PDC cutter offering the most abrasion resistance had a larger grain size (17 ± 4 µm) and was sintered at a higher pressure for a shorter period of time.
Impact
Although PDC drill bits exhibit high resistance to abrasive wear, they are susceptible to impact damage on account of their low fracture toughness. During drilling, impacts can occur as a result of contact between the cutter and the side of the drilled hole. A whirling bit drills a multisided polygon-shaped hole rather than a round one, which can result in severe impact damage to the cutters [40] . Another way by which the cutter can suffer impact damage is through contact with harder constituents in softer rock. The repeated impacts of the cutter on the rock can cause the initiation of microscopic fatigue cracks, the propagation of which can result in the chipping and spalling of fragments from the cutter.
Kanyanta et al. [69] studied the impact fatigue of PDC, and showed that grain size could influence the fatigue behavior, with larger grain-size grades offering greater fatigue resistance. They developed an in-house cyclic impact test facility and compared the impact behavior of two grades of PDC of different grain sizes (mean grain sizes of 6 and 30 µm). During the tests, the repeated impacts caused the formation of circular cracks that formed on the PDC surface just outside the region of contact. As the impacts continued, these cracks propagated through the PDC layer at an angle of between 40 • and 47 • to the surface. The final stage of the impact fatigue process was catastrophic failure. The larger-grain-size PDC was found to offer up to 70% better impact fracture resistance than its smaller-grain-size counterpart. The fatigue limit of the coarser-grain-size PDC was also 10-15% higher than the finer-grain-size grade.
Garcia-Marro et al. [70] investigated the effect of cyclic contact loading via a spherical WC indenter on the residual strength of PCD specimens with mean diamond grain sizes ranging from 4 to 20 µm. The effect of the repeated loading was evaluated by performing biaxial flexural testing of indented specimens and comparing the results with those measured on specimens that were not indented. They found that small-grain-size specimens exhibited higher strengths; however, with increasing number of loading cycles, the residual strength declined markedly. In contrast, the larger-grain-size specimens displayed a greater tolerance to damage, which was indicated by much lower reductions in strength with increasing number of loading cycles.
Although larger-grain-size PCD shows superior impact and fatigue resistance, some studies indicated that a smaller grain size offers better abrasion resistance. Therefore, the selection of the optimal microstructure for a drill bit is likely to be a trade-off between impact resistance and abrasion resistance.
In recent years, the development of conical diamond elements (CDE), in which the diamond thickness is significantly greater in some regions, resulted in enhanced impact strength and abrasion resistance [6] . This was demonstrated by Azar et al. [44] who described a comparison of the impact performance of a CDE and a conventional PDC cutter element. The conventional cutter failed on the first impact, while the conical element remained undamaged after more than 100 impacts. Other advantages of the CDE design include greater wear resistance and cutting efficiency, as well as more efficient dissipation of frictional heat than conventional PDC cutters. Figure 5 shows an example of shaped diamond cutters used in PDC drill bits. contact between the cutter and the side of the drilled hole. A whirling bit drills a multisided polygonshaped hole rather than a round one, which can result in severe impact damage to the cutters [40] .
Another way by which the cutter can suffer impact damage is through contact with harder constituents in softer rock. The repeated impacts of the cutter on the rock can cause the initiation of microscopic fatigue cracks, the propagation of which can result in the chipping and spalling of fragments from the cutter. Kanyanta et al. [69] studied the impact fatigue of PDC, and showed that grain size could influence the fatigue behavior, with larger grain-size grades offering greater fatigue resistance. They developed an in-house cyclic impact test facility and compared the impact behavior of two grades of PDC of different grain sizes (mean grain sizes of 6 and 30 µm). During the tests, the repeated impacts caused the formation of circular cracks that formed on the PDC surface just outside the region of contact. As the impacts continued, these cracks propagated through the PDC layer at an angle of between 40° and 47° to the surface. The final stage of the impact fatigue process was catastrophic failure. The larger-grain-size PDC was found to offer up to 70% better impact fracture resistance than its smaller-grain-size counterpart. The fatigue limit of the coarser-grain-size PDC was also 10-15% higher than the finer-grain-size grade.
Garcia-Marro et al. [70] investigated the effect of cyclic contact loading via a spherical WC indenter on the residual strength of PCD specimens with mean diamond grain sizes ranging from 4 to 20 µm. The effect of the repeated loading was evaluated by performing biaxial flexural testing of indented specimens and comparing the results with those measured on specimens that were not indented. They found that small-grain-size specimens exhibited higher strengths; however, with increasing number of loading cycles, the residual strength declined markedly. In contrast, the largergrain-size specimens displayed a greater tolerance to damage, which was indicated by much lower reductions in strength with increasing number of loading cycles.
In recent years, the development of conical diamond elements (CDE), in which the diamond thickness is significantly greater in some regions, resulted in enhanced impact strength and abrasion resistance [6] . This was demonstrated by Azar et al. [44] who described a comparison of the impact performance of a CDE and a conventional PDC cutter element. The conventional cutter failed on the first impact, while the conical element remained undamaged after more than 100 impacts. Other advantages of the CDE design include greater wear resistance and cutting efficiency, as well as more efficient dissipation of frictional heat than conventional PDC cutters. Figure 5 shows an example of shaped diamond cutters used in PDC drill bits. 
Thermal Degradation
The friction resulting from the cutting process can lead to the generation of high temperatures, which can cause thermal degradation of the PDC. The presence of Co, which can aid the sintering process during the manufacture of PDC, can also catalyze the transformation of diamond to graphite at high temperatures [71] . In air, the onset of damage appears to occur at approximately 600 • C and is accompanied by extrusion of the binder phase from the PDC surface, the extent of which is dependent on the binder content in the PDC [67] . However, a deterioration in cutter performance is observed at much lower temperatures. Indeed, an acceleration in the wear rate is observed in PDC cutters when the temperature exceeds 350 • C [49] . Mehan and Hibbs [8] showed that PCD specimens heated to approximately 870 • C in an inert atmosphere exhibited thermal degradation, which was attributed to graphitization. After an incubation period, the length of which was dependent on the temperature and thermal degradation, initially in the form of intergranular cracking, but later, transgranular cracking, was observed in polished metallographic sections of the specimens prepared after the tests.
In addition to the transformation of diamond to graphite, high temperatures can also result in rapid wear due to the formation of cracking caused by differences in thermal expansion coefficient between diamond and the Co binder. This differential thermal expansion may also affect the strength of the bond between the PCD layer and the WC substrate [57] .
Westraadt et al. [71] studied the thermal degradation of PCD when used in the machining of granite. In the tests, which were conducted under dry conditions, thermocouples mounted on the diamond surfaces recorded temperatures in excess of 500 • C. As a consequence, cracks (largely intergranular) were observed extending from the surface into the interior of the material. Such cracking was responsible for a deterioration in the performance of the tool, and eventually, its failure. Transmission electron microscopy (TEM)-including electron energy loss spectroscopy (EELS)-of samples taken from these regions of the PCD indicated the presence of graphite, as well as cobalt and diamond. The authors attributed the formation of graphite to the high temperatures generated by the cutting process.
In their study of the wear behavior of PDC cutters sliding against a manufactured mortar rock counterface, Yahiaoui et al. [68] found that, in addition to abrasion of the PDC from the quartz particles, there was evidence of transformation from diamond to graphite or amorphous carbon. Raman spectra acquired from the worn PDC surfaces showed peaks at 1359 and 1580 cm −1 , both indicative of sp 2 bonding (i.e., graphite). The diamond peak at 1332 cm −1 also underwent a small shift compared to the unworn PDC, which was attributed to relaxation of the residual stresses during the wear process. The transformation to graphite will also result in a deterioration in cutter performance.
Several researchers have investigated the effect of removing the Co binder from the surface on the thermal stability of the PCD. Methods included leaching using an HF/HNO 3 solution [8] and electrolysis [9] . Mehan and Hibbs [8] found that the cracking seen in heated PCD specimens was not observed in leached specimens. Liu et al. [9] investigated the wear resistance of PCD specimens from which the Co was removed; the depth of the removed region ranged between 50 and 300 µm. In turning tests against granite, the removal of Co was found to result in a significant increase in wear resistance. XRD of wear surfaces of treated and untreated PCD specimens revealed the presence of graphite on the untreated specimen; however, on the treated specimen, from which the Co was removed from the surface region, no graphite was detected. This finding led the authors to suggest that graphitization was the primary wear mechanism in specimens in which Co was present at the surface.
Performance of PDC Drill Bits
The introduction of PDC drill bits has resulted in a significant improvement in drilling performance. According to one study in the late 1990s, which compared performance improvements in the PDC drill bits with those for roller-cone bits, although both types of bits showed improved rates of penetration, the ROP increase for roller-cone bits was 11%, while, for PDC bits, the corresponding figure was 57%. In terms of bit life, the margin of superiority for PDC bits was even greater: 115% vs. 19% for roller-cone bits [40] .
Miyazaki et al. [72] compared the drilling performance of a PDC percussion drill bit with one containing cemented tungsten carbide (WC-Co) cutters. The tests were conducted on a drill test apparatus, and bit performance was compared in the drilling of two types of granite in the presence of water as a drilling fluid. The PDC drill bits were found to outperform the WC bits in terms of bit wear, torque on bit, rate of penetration, and specific energy. For each of these parameters, the PDC bit showed a gentle increase (or decrease in the case of ROP) over the course of the test. However, for the WC-Co bit, the rate of change of these parameters was significantly greater than that of the PDC bit. For the bit wear, defined in this case as height loss of gauge tip normalized to original tip height (∆h/h o ), the value for the PDC bit was only one-third of that for the WC-Co bit. The PDC bit was shown to offer greater efficiencies in the drilling process, both in terms of greater rates of penetration and reduced energy required to drill a unit volume of rock, as well as longer bit life, making bit replacement less frequent, thereby reducing costs.
In one gas drilling application that benefitted from the adoption of PDC bits, the previously employed steel roller-cone drill bits only achieved rates of penetration of 3.6 m·h −1 , with bit balling a frequent problem. However, when PDC drill bits were adopted, mean ROP improved by a factor of three, despite the presence of limestone layers in the rock formation; a further benefit was that the problem of bit balling was largely eliminated [58] .
Improvements to drill bit design were also made in recent years, and this resulted in improvements to drilling performance. Some of these have been described by Scott [40] . These included diamond-enhanced inserts in roller cones. An example of a diamond insert used in a roller-cone bit can be seen in Figure 6 . Although the costs of these diamond-enhanced inserts are significantly greater than tungsten carbide (initially by a factor of between 50 and 100), this cost difference declined as the technology has become more widely adopted. However, the higher costs can often be justified by the improved productivity that they offer. corresponding figure was 57%. In terms of bit life, the margin of superiority for PDC bits was even greater: 115% vs. 19% for roller-cone bits [40] . Miyazaki et al. [72] compared the drilling performance of a PDC percussion drill bit with one containing cemented tungsten carbide (WC-Co) cutters. The tests were conducted on a drill test apparatus, and bit performance was compared in the drilling of two types of granite in the presence of water as a drilling fluid. The PDC drill bits were found to outperform the WC bits in terms of bit wear, torque on bit, rate of penetration, and specific energy. For each of these parameters, the PDC bit showed a gentle increase (or decrease in the case of ROP) over the course of the test. However, for the WC-Co bit, the rate of change of these parameters was significantly greater than that of the PDC bit. For the bit wear, defined in this case as height loss of gauge tip normalized to original tip height (Δh/ho), the value for the PDC bit was only one-third of that for the WC-Co bit. The PDC bit was shown to offer greater efficiencies in the drilling process, both in terms of greater rates of penetration and reduced energy required to drill a unit volume of rock, as well as longer bit life, making bit replacement less frequent, thereby reducing costs.
Improvements to drill bit design were also made in recent years, and this resulted in improvements to drilling performance. Some of these have been described by Scott [40] . These included diamond-enhanced inserts in roller cones. An example of a diamond insert used in a rollercone bit can be seen in Figure 6 . Although the costs of these diamond-enhanced inserts are significantly greater than tungsten carbide (initially by a factor of between 50 and 100), this cost difference declined as the technology has become more widely adopted. However, the higher costs can often be justified by the improved productivity that they offer. After their commercial introduction in 1976, the initial adoption of PDC drill bits was slow. In 1980, they accounted for less than 2% of the total footage drilled, and, a decade later, this only increased to just over 5% [40] . Since that time, the use of PDC has become increasingly widespread, and, by 2010, PDC bits accounted for 65% of footage drilled in oil and gas applications [73] , a figure which was predicted to rise to 80% by 2020 [74] . After their commercial introduction in 1976, the initial adoption of PDC drill bits was slow. In 1980, they accounted for less than 2% of the total footage drilled, and, a decade later, this only increased to just over 5% [40] . Since that time, the use of PDC has become increasingly widespread, and, by 2010, PDC bits accounted for 65% of footage drilled in oil and gas applications [73] , a figure which was predicted to rise to 80% by 2020 [74] .
Bearings
In addition to its high wear resistance, another attribute of diamond that is of relevance to tribological applications is its low-friction behavior. Natural diamond exhibits a low coefficient of friction (µ) when sliding against itself, and, with the exception of high vacuum, where µ can exceed 1.0, values of between 0.05 and 0.15 have been recorded in most environments [75] . PCD was also observed to exhibit similar behavior, although it is dependent on factors such as surface roughness. Nevertheless, one application where this advantageous characteristic was exploited is in thrust bearings which are used in down-hole drilling motors. In many drilling applications, the drill bit is attached to a hydraulic motor which is powered by drilling fluid (mud) that is pumped down a pipe connected to the motor. The drilling fluid is conveyed back to the surface via the annulus surrounding the pipe in the bore hole. One advantage of such an arrangement is that it avoids the need to rotate the entire drill string.
The operating conditions experienced by components of such motors can be extremely arduous, involving high dynamic loads and vibrations. In one study, it was found that when the drill bit bounced off the bottom of the hole, loads of more than three times that of the applied bit weight were generated [76] . Moreover, the bearing surface speed can be up to 6.5 m·s −1 and specific loading can be up to 70 MPa [77] . Ideally, the operating life of the bearing assembly must be at least commensurate with that of the drill bit; however, under severe conditions, it may only be 250 h [78] . There are alternatives to diamond thrust bearings, including rolling-element (ball) bearings and tapered roller bearings; however, the former are susceptible to erosion, while the latter must be sealed from the drilling fluid and pressure compensating the bearing assembly [79] .
Diamond is an advantageous material for this application for a number of reasons: (i) its low friction behavior; (ii) high hardness (making it more resistant to abrasion from drilling debris in the drilling fluid); and (iii) high thermal conductivity, which is more than an order of magnitude higher than that of steel (e.g., AISI 4140), and therefore enables greater dissipation of heat generated by friction and reduces the heat build-up in the bearings, which can promote oxidation or graphitization of the diamond. A common design of PDC bearing consists of an array of round PDC pads mounted onto a ring. Two rings are used in operation, one of which remains stationary, while the other rotates with the rotor [80] . Figure 7 shows an example of a thrust bearing [77] . 
The operating conditions experienced by components of such motors can be extremely arduous, involving high dynamic loads and vibrations. In one study, it was found that when the drill bit bounced off the bottom of the hole, loads of more than three times that of the applied bit weight were generated [76] . Moreover, the bearing surface speed can be up to 6.5 m·s −1 and specific loading can be up to 70 MPa [77] . Ideally, the operating life of the bearing assembly must be at least commensurate with that of the drill bit; however, under severe conditions, it may only be 250 hours [78] . There are alternatives to diamond thrust bearings, including rolling-element (ball) bearings and tapered roller bearings; however, the former are susceptible to erosion, while the latter must be sealed from the drilling fluid and pressure compensating the bearing assembly [79] .
Diamond is an advantageous material for this application for a number of reasons: (i) its low friction behavior; (ii) high hardness (making it more resistant to abrasion from drilling debris in the drilling fluid); and (iii) high thermal conductivity, which is more than an order of magnitude higher than that of steel (e.g., AISI 4140), and therefore enables greater dissipation of heat generated by friction and reduces the heat build-up in the bearings, which can promote oxidation or graphitization of the diamond. A common design of PDC bearing consists of an array of round PDC pads mounted onto a ring. Two rings are used in operation, one of which remains stationary, while the other rotates with the rotor [80] . Figure 7 shows an example of a thrust bearing [77] . [79] used a bearing test apparatus to evaluate the performance of PDC thrust bearings. They found that the coefficient of friction of PDC sliding against itself in water was between [79] used a bearing test apparatus to evaluate the performance of PDC thrust bearings. They found that the coefficient of friction of PDC sliding against itself in water was between 0.05 and 0.08. In a subsequent study, Knuteson et al. [77] examined the running-in behavior of PDC thrust bearings by testing them in a thrust bearing test apparatus at a sliding speed of 2.0 m·s −1 for a total period of 72 h. Over this time the coefficient of friction was observed to decrease from initial values of between 0.05 and 0.11 down to as low as 0.015; this was accompanied by a reduction in surface roughness (R a ) of the bearings from approximately 1.0 µm (the untested surface) to a mean value of 0.12 µm. For comparison, the authors also examined the surface of a used PDC bearing from a drilling turbine that achieved approximately 1000 h down-hole service; the R a of the PDC pad was 0.04 µm. The authors suggested that these changes represented changes to the lubrication regime from the initial boundary conditions to a more mixed-mode regime. Such conditions would serve to result in significantly longer operating lives. Owing to the high initial costs of diamond thrust bearings, bearing life must be between five and ten times longer than that of conventional bearings in order to justify the greater initial expense [79] . However, in some drilling applications, a bearing life of over 3000 h has been observed [77] .
Sexton and Cooley
Mechanical Seals
Like PCD, described in the previous section, CVD diamond coatings also exhibit a low coefficient of friction in most environments, although it is dependent on factors such as surface roughness [81, 82] . Figure 8 shows a surface profile of an as-deposited CVD diamond coating (thickness 20 µm) on WC. The surface roughness of such a coating can be as high as 5 µm, which, in sliding contact with a softer counterface, can be extremely abrasive, leading to high friction and wear. Although this can be overcome by lapping and/or polishing of the diamond film, such processes can be time consuming and are not practicable for non-planar geometries. One way by which the need for a polished diamond surface can be avoided is to deposit nanocrystalline (sometimes dubbed "ultrananocrystalline") diamond coatings, which can have R a values of 20-30 nm and an average grain size in the range of 2-5 nm [83] . 0.05 and 0.08. In a subsequent study, Knuteson et al. [77] examined the running-in behavior of PDC thrust bearings by testing them in a thrust bearing test apparatus at a sliding speed of 2.0 m·s −1 for a total period of 72 hours. Over this time the coefficient of friction was observed to decrease from initial values of between 0.05 and 0.11 down to as low as 0.015; this was accompanied by a reduction in surface roughness (Ra) of the bearings from approximately 1.0 µm (the untested surface) to a mean value of 0.12 µm. For comparison, the authors also examined the surface of a used PDC bearing from a drilling turbine that achieved approximately 1000 hours down-hole service; the Ra of the PDC pad was 0.04 µm. The authors suggested that these changes represented changes to the lubrication regime from the initial boundary conditions to a more mixed-mode regime. Such conditions would serve to result in significantly longer operating lives. Owing to the high initial costs of diamond thrust bearings, bearing life must be between five and ten times longer than that of conventional bearings in order to justify the greater initial expense [79] . However, in some drilling applications, a bearing life of over 3000 hours has been observed [77] .
Like PCD, described in the previous section, CVD diamond coatings also exhibit a low coefficient of friction in most environments, although it is dependent on factors such as surface roughness [81, 82] . Figure 8 shows a surface profile of an as-deposited CVD diamond coating (thickness 20 µm) on WC. The surface roughness of such a coating can be as high as 5 µm, which, in sliding contact with a softer counterface, can be extremely abrasive, leading to high friction and wear. Although this can be overcome by lapping and/or polishing of the diamond film, such processes can be time consuming and are not practicable for non-planar geometries. One way by which the need for a polished diamond surface can be avoided is to deposit nanocrystalline (sometimes dubbed "ultrananocrystalline") diamond coatings, which can have Ra values of 20-30 nm and an average grain size in the range of 2-5 nm [83] . A common observation in tests of CVD diamond sliding against itself is an initially high coefficient of friction, which decreases as the test proceeds. Such behavior is particularly evident in tests of as-grown micro-crystalline diamond films, and was attributed to the mechanical interlocking of surface asperities [84] [85] [86] . Over time, these asperities become more truncated, which results in a decrease in surface roughness. Any large particles of wear debris that may be present can cause grooving of the coating surface, and self-polishing by two-and three-body abrasion also occurs [87] . A common observation in tests of CVD diamond sliding against itself is an initially high coefficient of friction, which decreases as the test proceeds. Such behavior is particularly evident in tests of as-grown micro-crystalline diamond films, and was attributed to the mechanical interlocking of surface asperities [84] [85] [86] . Over time, these asperities become more truncated, which results in a decrease in surface roughness. Any large particles of wear debris that may be present can cause grooving of the coating surface, and self-polishing by two-and three-body abrasion also occurs [87] . The reduction in surface roughness is accompanied by a decrease in the coefficient of friction until the establishment of steady-state sliding conditions. An example of this can be found in the work of Bull et al. [82] , who tested as-grown CVD diamond on Si substrates. The initial coefficient was approximately 0.35, which declined and stabilized between 0.1 and 0.2. Upon steady-state conditions being achieved, significant changes to the coefficient of friction are not generally observed, although subsequent increases may be seen in the event of, for example, coating failure.
CVD diamond coatings found application as coatings for mechanical seals which are used in components such as pumps to seal rotating shafts. A mechanical seal consists of a sealing interface located between a pair of radial faces, one rotating and the other stationary. The lubrication regime is often the mixed or boundary conditions with the working fluid acting as the lubricant [88] . Between the two counterfaces, the sealed fluid penetrates the interface and is responsible for supporting most, if not all, the load. The fluid is often low viscosity, typically aqueous or a hydrocarbon, but it can be any fluid that can be pumped. It can also be above its atmospheric boiling point. It is important to maintain the correct film thickness; this figure is generally in the region of between 0.25 and 8 µm [89] . Films that are too thin are insufficient to prevent direct contact between the two counterfaces, generating excessive heat and high rates of wear. Films that are too thick will result in unacceptably high leakage [90] . Although mechanical seals do not normally operate under dry sliding, such conditions are often encountered intermittently, particularly during the start-up phase of operation. While it is difficult to generalize, it is instructive to consider the typical conditions witnessed by the majority of mechanical seals. The net specific load is usually between 0.1 and 5 MPa, while the sliding speed is within the range of 1-20 m·s −1 . The temperature of the sealed fluid can be from 20 to 300 • C [91] . In defining the operating envelope for a mechanical seal, a common parameter that is used is the maximum PV value, where P is the pressure drop across the seal, and V is the mean sliding velocity at the interface in meters per second [89] . However, it is only for a specified fluid at a specified temperature [91] .
According to the United States Department of Energy, over 50% of pump life-cycle costs result from energy and maintenance expenses, and energy savings of 20% or more are possible with systems optimization [92] . Diamond coatings are an attractive option for mechanical seals for two reasons: (i) high wear resistance; and (ii) low friction behavior. Their high wear resistance (resulting from high hardness) is not only when sliding against the counterface, but also, for pumps handling multi-phase service, the sealed fluid may contain suspended or dissolved solids and/or bubbles which can be abrasive or erosive. Furthermore, the high thermal conductivity of diamond reduces the heat generation, which can cause thermal distortion of the seal faces and result in unacceptable leakage rates. Mechanical seal failures are responsible for over 70% of pump problems [93] , and therefore, there are clear potential benefits arising from any improvements that can be made to the operating lives of mechanical seals. The other desirable attribute of diamond coatings-their low friction behavior-can reduce frictional losses, and thus, energy consumption. Diamond, therefore, has the potential to prolong seal operating life through lower wear rates, as well as to reduce power consumption.
A wide variety of materials are used in mechanical seals including carbon-graphite, WC, alumina (Al 2 O 3 ), and SiC. One commonly employed combination of seal face materials is carbon-graphite running against SiC [94] . The low cost, chemical inertness, and self-lubricating properties of carbon-graphite renders it particularly suitable in many applications [95] ; however, it can be susceptible to wear in more abrasive environments. In such cases, a more wear-resistant alternative is an SiC/SiC combination, although high friction and rapid wear can occur if the lubrication in the sealing gap is inadequate.
Diamond began being investigated as a potential seal material in the 1990s. A number of laboratory-based tribological tests were employed to evaluate the efficacy of diamond as a mechanical seal material. These included the pin-on-disc, thrust-washer, and ring-on-ring tests. Although pin-on-disc is a widely used tribological test, enabling the friction and wear of materials in sliding conditions to be compared, it is not wholly representative of the conditions experienced by mechanical seal faces owing to the intermittent nature of the contact. A more realistic simulation is provided by the thrust-washer test, in which two discs are rotated against each other, which ensures the two surfaces are in continuous contact.
In one early study, that of Hollman et al. [88] , diamond-coated WC face seals were compared with a range of other commercially available seal rings, including WC, SiC, Al 2 O 3 , and sintered carbon impregnated with antimony. The test pieces were rings with an inside diameter of 18 mm and outside diameter of 22 mm. The tests were performed in the absence of lubrication at a contact pressure of 2.5 MPa and a sliding velocity of 3.5 m·s −1 . For CVD diamond sliding against itself, a steady-state coefficient of friction of 0.2 was recorded; for diamond sliding against SiC, it was even lower at 0.1. In contrast, the corresponding figures for self-mated WC and SiC were both in the region of approximately 0.7.
In another study, Kelly et al. [96] used a thrust-washer test to evaluate diamond-coated discs in sliding contact with WC, SiC, or diamond-coated SiC under conditions of marginal water lubrication. The diamond coatings were between 2 and 4 µm in thickness, and the tests were conducted at a sliding speed of 10 mm·s −1 and a pressure of approximately 0.5 MPa. In tests where both surfaces were diamond-coated, the coefficient of friction was between 0.05 and 0.07. At the conclusion of the test, the coating was intact with only a lightly polished track being visible on both disc and washer. In contrast, in a test of a diamond-coated disc against a SiC washer, rapid coating failure was seen, despite a steady-state coefficient of friction of only 0.05. The reverse was seen in another test combination: a diamond-coated disc against a WC washer. Although the average coefficient of friction was 0.4, the coating on the disc remained intact; however, the measured wear volume in the WC was also approximately 50% higher than that recorded on the SiC.
In a later study, Jones [97] tested a diamond-coated SiC pad against an uncoated SiC cylinder at a velocity of 0.5 m·s −1 , in this case, without lubrication. The coating was 5-6 µm in thickness, the as-deposited R a of which was 0.25 µm; no post-deposition treatments such as lapping or polishing were performed. During the tests, the load was increased incrementally until contact instability occurred. The diamond film exhibited an approximately 25-fold improvement in PV capability.
Tome et al. [98] coated Si 3 N 4 rings with diamond coatings of between 8 and 25 µm in thickness; the grain sizes were 2-3.5 µm, while the initial surface roughness values were between 0.15 and 0.26 µm. The rough as-grown surfaces of the diamond films prevented full sealing in the early stages of the ring-on-ring tests, although this was achieved once the asperities were worn down by self-polishing. The coefficient of friction stabilized at approximately 0.05, and remained at this level until the test was stopped. The longest test was conducted for a sliding distance of up to 5700 km with no measurable wear.
Nanocrystalline diamond coatings enable a smooth diamond coating without the need for post-deposition lapping or polishing. This is particularly attractive for applications such as mechanical seals where a low surface roughness is needed to prevent leakages. Mubarok et al. [99] used a ring-on-ring test apparatus to evaluate diamond-coated Si 3 N 4 seals. The nanocrystalline diamond coating (2 µm in thickness) had a surface R a of 62 nm, which removed the need for running-in procedures. The tests were conducted in a water environment with the sliding speeds between 2 and 4 m·s −1 , and the loads between 300 and 925 N. With the exception of the highest load/sliding speed combination (925 N/4 m·s −1 )-in which seizure occurred-the mean steady-state coefficients of friction were between 0.01 and 0.02, while the wear, which was monitored by mass loss, was below the limit of detection. In the case of the test where seizure took place, examination of the sliding surfaces revealed that the diamond coating delaminated from the substrate. The cause of this was ascribed to excessive heating at the contact, which resulted in water vaporization, elimination of the boundary lubrication layer, and removal of the coating.
Sumant et al. [83] evaluated the performance of SiC seals coated with a 2-µm film of ultrananocrystalline diamond (UNCD) running against a carbon counterface in a water pump seal test apparatus. This combination was seen to result in negligible wear for the diamond coating after the test which lasted for 21 days. When tested against a SiC counterface, the UNCD surface recorded low coefficients of friction (~0.04); in contrast, the corresponding figure for uncoated SiC sliding against itself was~0.7. These differences were also reflected in the differences in the torque measurements for the UNCD seals which were 5-6 times lower than for the SiC/SiC combination. This suggests considerable energy savings may be possible using diamond-coated seals. However, in the UNCD-SiC test, signs of coating delamination were seen after seven days.
A similar study was undertaken by Kovalchenko et al. [100] who tested SiC seals coated with 1-µm UCND films in a dynamic seal testing facility; the counterface was either uncoated SiC or carbon. Prior to deposition, the seals were polished using 6-µm, 12-µm, or 30-µm diamond powder. After a running-in procedure the tests were conducted at a water pressure of 0.7 MPa for 50 h; the rotation speed was 3600 rpm. Examination of the diamond-coated seals after the tests indicated that the substrates which were polished with the 12-µm and 30-µm diamond powder prior to deposition did not show any measurable wear. Under optical microscopy, the appearances of the wear tracks were not significantly different from the unworn surface. In contrast, for the seals polished with 6-µm diamond powder prior to coating deposition, regions of the coating were removed during the running-in period.
Coating failure was seen to occur at the coating-substrate interface.
In 2007, Burgmann Industries GmbH & Co. introduced a diamond-coated mechanical seal for use in multi-phase pumps. A hot-filament CVD process was used to deposit the diamond coating, which was up to 8 µm in thickness. The seal proved to be successful on an abrasive multi-phase pump application in the Canadian oil sands fields [101] . In 2008, another manufacturer, Advanced Diamond Technologies Inc. (ADT), introduced a range of mechanical seals that incorporated UNCD films, which could be run directly against blister-resistant carbon or SiC counterfaces [92] . ADT subsequently introduced a seal that was optimized to withstand fluid loss or dry running in fluid pumps. When run against SiC, the energy dissipation due to friction was seen to reduce by 75% compared with running SiC against itself [102] . Table 3 lists the steady-state coefficients of friction for UNCD-coated seals running against SiC and resin-bonded carbon in the presence of water; for comparison, the corresponding values for SiC against the same counterfaces are also listed [103] . It can be seen that the diamond-coated seals exhibit significantly lower friction than SiC, the benefits of which are twofold: (i) lower energy costs; and (ii) reduced heat generation. Field data indicated that incorporating UNCD-coated seals into pumping systems can deliver reductions in energy usage of up to 5% [104] . Although they entered commercial service relatively recently, diamond-coated mechanical seals already demonstrated their value in a number of applications. In one oil and gas application, in an environment of water, steam, and sand, a diamond-coated mechanical seal exhibited an operating life of more than 10,000 h [105] . In another setting, Goldschmidt and Gurtler [106] described the use of diamond-coated mechanical seals in pumps used in a pipeline that transports a multi-phase mixture of crude oil, gas, water, and various solids in the Panacocha oilfield in the Amazonian region of Ecuador. The seals are coated with 10-µm diamond, and demonstrated the ability to operate under dry conditions and at temperatures of up to 300 • C. The mixture pumped was also corrosive, owing to the high chloride content in the formation water. Such environments, representing a combination of wear and corrosion, require a multifunctional solution, which can only be met by diamond.
Control Valves
Approximately 90% of the world's oil and gas wells are drilled in sandstone reservoirs; of these, approximately 25-35% experience some degree of sand production during their productive lives [107] . In general, the sand content in well streams upstream of the first separators is in the range of 1-50 parts per million by mass (ppm w). Typical sand particles are between 100 and 1000 µm if no sand-exclusion techniques are applied; when sand exclusion techniques are employed, typical particle sizes range from 20-200 µm [108] . Figure 9 shows an electron micrograph of a sample of sand obtained from the Forties (North Sea) oilfield. A typical distribution of particle sizes is shown in the histogram in Figure 10 . 
Approximately 90% of the world's oil and gas wells are drilled in sandstone reservoirs; of these, approximately 25-35% experience some degree of sand production during their productive lives [107] . In general, the sand content in well streams upstream of the first separators is in the range of 1-50 parts per million by mass (ppm w). Typical sand particles are between 100 and 1000 µm if no sand-exclusion techniques are applied; when sand exclusion techniques are employed, typical particle sizes range from 20-200 µm [108] . Figure 9 shows an electron micrograph of a sample of sand obtained from the Forties (North Sea) oilfield. A typical distribution of particle sizes is shown in the histogram in Figure 10 . The presence of sand in the hydrocarbon fluid can result in erosion of valves, pipe bends, and T-junctions. Of these components, erosion is a particular problem for control valves that are used to regulate hydrocarbon fluid flow from the well. In choke valves, which are used to allow the controlled draining of the reservoir, high sand velocities (400-500 m·s −1 ) can be generated when operated at large pressure drops (300-400 bar) and when the process stream is wholly or partially gaseous. Under these conditions, any sand entrained in the hydrocarbon fluid can cause considerable damage when it impinges on the interior of the valve. According to one survey of 258 failed choke valves, 35% could be attributed to erosion [109] .
Choke valves may also be subject to cavitation erosion which can take place downstream of the valve if the local static pressure falls below the fluid vapor pressure. If these bubbles remain in the downstream flow, this can give rise to what is known as "flashing". The incidence of flashing is more widespread in valves where high pressure drops are generated. However, with correct design and proper sizing of the valve to the flow conditions anticipated, this problem can be minimized.
As well as erosion, abrasion can also be a problem, especially if sand becomes trapped between the sliding surfaces of the valve. Damage as a result of erosion and abrasion can significantly affect valve performance, and lead to its premature withdrawal from service. In extreme cases, in the North Sea, critical components, intended to last 18-24 months, may be completely destroyed within a few weeks, or even hours [110] . In wells where the valves are installed on the seabed rather than on the drilling platforms, the need for the reliable operations of the valves is even more crucial, especially as replacements will impose both extra costs and logistical difficulties. Therefore, there are powerful safety and economic advantages to be derived from extending the operating life of these valves.
One way by which the life of a valve could be extended is by incorporating ultra-hard facings into some of the interior components of the valves to resist erosion from sand particle attack. The most common material used in choke valve trims is cemented WC, accounting for more than 80% according to one survey [111] . However, although its hardness (16 GPa) is greater than that of silica sand (13 GPa) [112] , the significantly softer and more ductile Co binder is susceptible to erosion from the sand particles, which leads to loss of the WC grains when the surrounding Co is removed [113] . As a result, the operating life of valves containing WC trim is still only about three years. For this reason, a harder material is required in order to provide enhanced erosion resistance. One such material with the potential to deliver such improvements is diamond.
The solid particle erosion performance of diamond was the subject of numerous studies and from various workers [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] . Owing to its high hardness and strength, CVD diamond coatings were shown to exhibit steady-state erosion rates of up to 30 times lower than those of cemented tungsten carbide [118, 119, [121] [122] [123] . Moreover, owing to the greater hardness and fracture toughness of diamond, erosion studies [118] revealed that damage to the impacting sand particles often exceeds that of the coating. However, CVD diamond coatings remain susceptible to catastrophic failure caused by the sub-surface shear stresses generated by the impacting particles if the magnitude of such stresses are sufficient to cause debonding at the coating-substrate interface. A study by Wheeler and Wood [122] found that if the depth of maximum shear stress was sufficiently far removed from the interface, then the life of the coating was limited only by the low rate of micro-chipping that was also caused by the impacting particles.
Laboratory tests have enabled the erosion behavior of diamond coatings to be well understood. In order to evaluate its performance in a choke valve, diamond was also applied to regions of a choke-valve trim and tested under full-scale conditions in a valve loop test facility at the BP Research Center, Sunbury-on-Thames, and compared with standard uncoated WC trims [129] . The valve design used for these tests was the ABB Kent Introl Type 74 (50 mm in diameter), an equal-percentage plug-in-cage design; free-standing CVD diamond, in the form of an annulus approximately 0.6 mm in thickness, was bonded to the end of two WC-6Co plugs and seats using a high-temperature adhesive (see Figures 11 and 12) . A water/sand mixture (sand concentration 1% by weight) was recirculated through the valve at a flow rate of 454 l·min −1 and a pressure drop across the valve of 60 bar·g; the pressure drop corresponds to a velocity of 110 m·s −1 . The sand consisted of a mixture of three commercially available quarry sands blended to reproduce the size distribution found in the Forties oilfield; the mean diameter was 194 µm. The tests were conducted for up to six hours. The results showed that valve seats and plugs with a partial coverage of CVD diamond displayed 50-60% greater resistance to erosion damage caused by sand-particle impingement. The diamond-coated plug had an erosion rate 53% lower than the standard plug. However, the annulus on the plug was partially removed (see Figure 13) , not by erosion of the diamond but by erosion of the underlying WC, which led to the diamond becoming debonded along its bond line. It was thought that coating the sides of the plug could reduce the problem of undermining the diamond and further enhance its erosion resistance. oilfield; the mean diameter was 194 µm. The tests were conducted for up to six hours. The results showed that valve seats and plugs with a partial coverage of CVD diamond displayed 50-60% greater resistance to erosion damage caused by sand-particle impingement. The diamond-coated plug had an erosion rate 53% lower than the standard plug. However, the annulus on the plug was partially removed (see Figure 13 ), not by erosion of the diamond but by erosion of the underlying WC, which led to the diamond becoming debonded along its bond line. It was thought that coating the sides of the plug could reduce the problem of undermining the diamond and further enhance its erosion resistance. Figure 11 . A choke valve plug with a CVD diamond annulus [129] .
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A CVD diamond annulus applied to a choke valve seat [129] . Figure 12 . A CVD diamond annulus applied to a choke valve seat [129] . In the case of the valve seat, it was found that bonding diamond to the central rim of the seat reduced the magnitude of the erosion; the erosion rate of the diamond-coated seat was 60% lower than the standard design. The diamond was essentially undamaged. This contrasted with the WC seat, which exhibited notable rounding during the test (see Figure 14) . Overall, however, the extent of erosion of both seats was lower than the plugs of the same material. Photograph showing a tungsten carbide valve seat (left) and a seat containing a diamond annulus (right) after testing in a valve loop test facility for six hours. It is worth noting that the diamond annulus prevented rounding of the inner rim, which can be seen on the tungsten carbide seat.
The erosion rates of the valve cages were the highest of the three trim components. However, they were not coated with diamond because of the difficulties presented by the complex geometry of this component. The cage was of a two-stage design with the inner cage suffering the greatest damage In the case of the valve seat, it was found that bonding diamond to the central rim of the seat reduced the magnitude of the erosion; the erosion rate of the diamond-coated seat was 60% lower than the standard design. The diamond was essentially undamaged. This contrasted with the WC seat, which exhibited notable rounding during the test (see Figure 14 ). Overall, however, the extent of erosion of both seats was lower than the plugs of the same material. In the case of the valve seat, it was found that bonding diamond to the central rim of the seat reduced the magnitude of the erosion; the erosion rate of the diamond-coated seat was 60% lower than the standard design. The diamond was essentially undamaged. This contrasted with the WC seat, which exhibited notable rounding during the test (see Figure 14 ). Overall, however, the extent of erosion of both seats was lower than the plugs of the same material. Photograph showing a tungsten carbide valve seat (left) and a seat containing a diamond annulus (right) after testing in a valve loop test facility for six hours. It is worth noting that the diamond annulus prevented rounding of the inner rim, which can be seen on the tungsten carbide seat.
The erosion rates of the valve cages were the highest of the three trim components. However, they were not coated with diamond because of the difficulties presented by the complex geometry of this component. The cage was of a two-stage design with the inner cage suffering the greatest damage Photograph showing a tungsten carbide valve seat (left) and a seat containing a diamond annulus (right) after testing in a valve loop test facility for six hours. It is worth noting that the diamond annulus prevented rounding of the inner rim, which can be seen on the tungsten carbide seat.
The erosion rates of the valve cages were the highest of the three trim components. However, they were not coated with diamond because of the difficulties presented by the complex geometry of this component. The cage was of a two-stage design with the inner cage suffering the greatest damage with a number of deep scars on its outer surface. The eroded inner and outer cage can be seen in Figure 15 . The appearance of the inner cage suggested that a diamond coating on the outer surface of this component could greatly reduce cage wear. However, there are significant difficulties associated with carrying out such a task. The deposition of diamond films onto some non-planar substrates remains a formidable challenge. with a number of deep scars on its outer surface. The eroded inner and outer cage can be seen in Figure 15 . The appearance of the inner cage suggested that a diamond coating on the outer surface of this component could greatly reduce cage wear. However, there are significant difficulties associated with carrying out such a task. The deposition of diamond films onto some non-planar substrates remains a formidable challenge. Figure 15 . Photograph of the two parts of a tungsten-carbide valve cage tested for 6 h in a valve loop test facility showing typical erosion damage, particularly on the inner cage (left).
Conclusions
Diamond is shown to offer considerable improvements to the operating lives of components used in the oil and gas industry, with benefits ranging from reduced operating and maintenance costs to improved productivity. Although the initial costs of the diamond-containing components can be significantly greater than those of non-diamond alternatives, the extra costs can be more than outweighed by the increased efficiencies.
In drilling applications, high abrasion resistance enables PDC cutters to stay sharp for longer, resulting in longer bit lives, even in highly abrasive rock formations [58] . Indeed, in some cases, it is not uncommon for a single PDC bit to drill more than 2500 m [51] . Research into drilling materials yielded sizeable financial gains, as demonstrated by one particular research and development (R&D) program on PDC drill bits, in which the economic benefits (e.g., net manufacturing profits and drill cost savings) were estimated to be $125 for every dollar invested [130] .
Diamond-coated mechanical seals have the potential to deliver significant cost savings to plant operators. According to one estimate, for a petrochemical plant operating 1200 pumps, a 25% increase in mean time between failures (MTBF) could result in an annual saving of up to $1.8 million in maintenance costs [104] .
The high wear resistance and low friction behavior of diamond were shown to deliver extended operating lives and reduced friction losses (and hence, reduced energy consumption) in diamondcoated mechanical seals. In one example, an uncoated SiC seal operating for 8000 hours per year converted 3200 kWh into friction; this figure was reduced by approximately 2500 kWh over the same period when it was coated with diamond. This saving translated into approximately €325 in industrial electricity prices [131] . Furthermore, analyses have shown that the return on investment due to the significantly improved service life achieved by a diamond-coated mechanical seal can be obtained after just 18 months [132].
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